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This invention relates to an inorganic membrane comprising a coarsely-porous body having pores filed with a finely-po- 
rous or extremely finely-porous material over a pore length shorter than the thickness of the porous body. The invention also re- 
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coarsely-porous layer by applying an accurately metered quantity of gelable liquid present on a liquid that is immiscible or poorly 
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Title: Inorganic membranes and a process for making inorganic 
membranes . 

In many industrial processes,, there is a need for 
efficient separation processes, in which solid and/ or 
dissolved particles are separated from liquids, or solid 
particles are removed from gases, or different gas or vapour 
molecules are separated. 

According to the present state of the art, there are a 
large number of processes, such as centrifugation or 
filtration for separating solid particles from liquids. These 
processes may be carried out continously or discontinuously. 
If it is desired to treat small quantities of liquid, or when 
the liquid- solid mixtures to be filtered are not continuously 
available, the process selected is often a discontinuous one. 
This applies in particular to filtration processes using, for 
example, cloth filters mounted in filter presses. 

There is at present a fast development in the technique 
of filtering liquids . Using current "classic" filtration 
processes, solid particles of dimensions down to ab out 1 pm 
can be separated from liquids. The separation of solid 
particles having dimensions less than about 10 pm is called 
microf iltration. There is, however, a large need for the 
separation of still smaller particles from liquids, such as 
macromolecules and bacteria. In filtration processes effecting 
the separation of particles having dimensions down to 50 nm, 
the term ultrafiltration is used. These processes enable the 
separation of viruses and macromolecules from liquids by 
filtration. Furthermore, there is a need for the filtration of 
still smaller units, such as low molecular substances, such as 
sugars, monomers, amino acids and even dissolved ions. The 
term used in the separation of this kind of extremely small 
units is reverse osmosis; sometimes referred to as 
hyperf iltration. 
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For use in the separation of small bodies by 
filtration, membranes on the basis of polymers have been 
developed, when the membranes are processed to form hollow 
fibres with a very small diameter, it is possible to produce a 
5 very large filtering surface area per unit volume. Such 

membranes in principle offer good perspectives for technical 
application. 

However, the mechanical strength of such polymeric 
membranes is often limited. The result is that it is 
10 impossible to apply a high pressure differential across the 
membrane. Also, the chemical and thermal stability of such 
polymeric fibres is often found to be a limiting factor; the 
membrane system will then have a short service life. For the 
separation of components of small to very small dimensions 
15 from liquids, therefore, there is a clear need for membranes 
having a high mechanical, chemical and thermal stability. 
Thus, for biochemical uses, membranes that can be sterilized 
by being steam treated would be very attractive. Polymeric 
membranes do not generally permit such treatments. 
20 To meet the need for mechanically, chemically and 

thermally more stable membranes, inorganic membranes of very 
fine pores have been developed for the filtration of liquids 
(cf h.p. Hsieh, "inorganic Membranes", AlChE Symp.Ser &± 
(261) . For use in liquid filtration, porous membranes on the 
25 basis of materials such as stainless steel, silver, aluminium 
oxide, zirconium oxide and glass are at present commercially 
available. The diameter of the pores is commonly in the range 
between 10 and 0.1 p, which renders these membranes suitable 
for use in microf titration. The art has also been successful 
30 in realizing pore diameters down to 4 run. These membranes are 
in principle suitable for ultrafiltration purposes. 

Membranes having finer pores (below about 1 pm) are 
commonly characterized by a layered structure: a coarsely- 
porous substrate is successively overlaid with layers of 
35 decreasing pore size. During such application, it is ensured 
that the particles of a new layer being applied have such a 
size that they cannot penetrate the pores of the porous layer 
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already present. The result of this structure of the membrane 
is that in particular finer-porous inorganic membranes require 
several layers. This causes a relatively high hydr ©dynamic 
resistance and hence a low permeate flux. The relatively large 
5 thickness of the finely-porous layers increases the resistance 
still further; such thickness would commonly vary from several 
micrometers to several tens of micrometers. Cortpared with the 
active layer of asymmetric ultrafiltration membranes built up 
from polymers, this is a large thickness; the thickness of 
10 polymeric membranes usually ranges between 0.1 and 0.5 

micrometer (cf H.L. Flemming, Proceedings Membrane Planning 
Conference, Cambridge MA, October 20-22, 1987) . 

The laminate structure of present-day inorganic 
membranes further has for its consequence that very careful 
15 proceedings are needed to produce a stable membrane. It is 
especially the bonding between the various layers and the 
prevention of the formation of fissures and cracks during the 
drying stages which require a great deal of attention. 
Usually, organic chemical aids (bonding agents, viscosity 
20 increasers) are used in the application of the layers to 
prevent cracking and promote bonding. 

It is therefore attractive to reduce the thickness of 
the porous layers and facilitate the. manufacture of membranes 
having a suitable pore distribution. It is also of importance 
25 to improve the width of the pore size distribution in the 
membrane. The pore diameter distribution of current finer- 
porous inorganic membranes suitable for ultrafiltration is 
relatively wide relative to that of polymeric membranes. The 
relatively large range of pore diameters in present-day 
30 inorganic membranes leads to a lower acuity in the separation 
and a higher sensitivity to fouling through clogging of the 
pores. 

In connection with the further development of liquid 
filtration, it would be attractive to have membranes having 
35 still narrower pores and with a well -controllable distribution 
of pore dimensions. The known inorganic membranes suitable for 
that filtration commonly take the form of tubular modules 
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(glass membranes as hollow fibres) . Thus, a different, very 
important requirement to be imposed upon such membranes is 
that they permit being processed to form modules for the 
filtration of large quantities of liquid. Present-day 
inorganic membranes are difficult to process into modules. The 
result is that the cost price of suitable modules greatly 
exceeds the price of the inorganic membranes constituting 
them, it is especially membranes on the basis of a metal or 
metal alloy that would be highly attractive in this 
connection. Metallic membranes are much easier to process into 
suitable modules. 

Excellent modules on the basis of metals or alloys are 
commercially available. However, the dimensions of the pores 
in these membranes are at present not smaller than i m . 
Smaller pore dimensions cannot at present be realised with 
metallic membranes. One of the objects of the present 
invention is, therefore, to provide membranes on the basis of 
suitable metals or alloys having considerably narrower pores. 

In this connection it is noted that the term "inorganic 
membranes" as used in this specification is the term 
conventional in the art. However, the present invention 
relates more generally to membranes, including for example 
glass membranes, metallic membranes, and membranes built up in 
full or in part of carbon, which are also sometimes termed 
25 "inorganic membranes" in the art. 

There is also a need for suitable membranes for the 
separation of solid components from gas and vapour mixtures 
very small particles can be collected from gas streams by 
means of electrostatic precipitators. At high temperatures 
however, that method is not very feasible by reason of the' 
fact that in that case sparking (discharge) already occurs at 
a low voltage. A different method is based on filtration by 
mechanical separation, m it, use is often made of grain beds 
However, the trapping efficiency of such beds depends upon the 
particle size. In particular, particles having a diameter of 
from 0.3 to 3 p are poorly trapped, a membrane having a 
controllable pore size will be capable of filtering a gas 
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stream in such a manner that the trapping efficiency will be 
much less dependent upon on the particle size. It is 
accordingly another object of the present invention to 
separate solid particles having sizes of from 0.1 to 3 (im from 
5 gas streams having a temperature of up to about 850°C. 

There is further a large need for the possibility of 
separating certain gas molecules from gas and vapour mixtures. 
Up until now, the separation of gas mixtures is generally 
effected by cryogenic means or by absorption- desorpt ion 

10 processes. 

In cryogenic gas separation, the gases are liquefied by 
cooling, and the resulting liquid mixture is distilled. 
Although this proces has been very well elaborated from a 
technical point of view, it is relatively expensive on account 

15 of the required equipment (investments) and the mechanical 
energy needed to bring the gas mixture at the required 
pressure. Moreover, gas mixtures often become available at 
high temperatures . Thus, the gas mixture must then first be 
greatly cooled for cryogenic separation. As, subsequently, the 

20 separated gases must often be used in chemical reactions at 
high temperatures , the intermediate cooling results in poor 
energy efficiency. 

The separation of gaseous components by adsorption also 
gives technical problems. Generally speaking, the gas mixture 

25 must be cooled to ensure sufficient adsorption. A further 

requirement is for the adsorbed quantity to vary greatly with 
the pressure. It is then possible to have the component ( s ) to 
be separated alternately adsorbed and desorbed by varying the 
gas pressure ("pressure- swing") . Although that process is 

30 being successfully used on a technical scale, suitable 
adsorbents are not available for many cases. 

There is accordingly a great need for membranes capable 
of separating gas mixtures at high temperature. Present-day 
commercial polymeric membranes developed for gas separations 

35 are limited in their use to temperatures below about 150°C. 

,.For gas separations at higher temperatures , relatively 
"imperforate" inorganic membranes have been developed in the 
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past, whose separating action is based on a sorption- diffusion 
mechanism- Thus, hydrogen-permeable membranes of palladium and 
palladium alloys with silver, ruthenium, nickel and other 
metals are known (cf v.M. Gryaznov, Platinum Metals Rev. 3_Q 
5 (1986) 68) . Oxygen-permeable membranes are made from 

yttriumoxide stabilized zirconium oxide (cf Y. Nigara, B. 
Cales, Bull. Chem.Soc. Japan, 59. (1986) 1997), while silver 
membranes have also been proposed for the separation of oxygen 
(cf V.M. Gryaznov et al, Kinet.Katal. 22. (1986) 142). 
10 Furthermore, relatively imperforate membranes of carbon, 
produced by pyrolysis of polymeric membranes have been 
described (cf J.E. Koresh, A. Soffer, Sep.Sci.Technol. 1Q. 
(1983) 723) . A disadvantage of these "imperforate" or "dense" 
gas separation membranes is their low permeability (flux) as a 
15 result of which they cannot be used industrially in an 
economic manner. This does not apply to the transport of 
hydrogen through palladium containing membranes. Here, 
however, an important role is played by the palladium surface 
being poisoned by, for example, silver compounds. 
20 Another method in which the use of membranes capable of 

separating gas mixtures at high temperatures is suggested is 
the combination of membrane separation with a catalytic 
reaction (cf H.p. Hsieh, "Inorganic Membrane Reactors - a 
review", AIChE Symp . Series ; also compare P.K.T. Liu et al, 
25 "Use of microporous ceramic membranes as catalytic reactors 
for dehydrogenation processes, paper presented during 
November- symp. AIChE, USA (1989) . In many catalytic reactions, 
the thermodynamic equilibrium highly limits the conversion of 
the reactants. When it is possible for the concentration of 
30 one of the reaction products to be reduced by removing it 

selectively from the reaction mixture through a membrane, much 
higher conversions can be reached. This applies to a number of 
catalytic reactions. It is in particular of importance for 
dehydrogenation reactions. When such a reaction is carried out 
35 in the presence of a membrane selectively passing hydrogen, 
technically suitable conversions can be reached at a much 
lower temperature. This is very attractive, because at the 
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high temperatures now needed to reach a technically suitable 
conversion, a considerable fraction of the feedstock is 
decomposed and deposited on the catalyst as carbon* 

As stated before, the use of inorganic membranes for 
5 the separations of solids and gases and of gas mixtures has 
been proposed many times.. Generally speaking, composite 
inorganic membranes are used for these purposes. To a 
relatively thick, coarsely-porous substrate, the "carrier", a 
thin layer is applied having pores of the small diameters 

10 required for the separation. By reason of the required 

mechanical strength, the thickness of the carrier is mostly 
2 mm or more. When pores having the diameter required for the 
separation extend throughout the entire thickness of such a 
carrier, the flow resistance through the pores is very high. 

15 Generally speaking, transport through such a membrane is too 
slow for technical uses. 

Pores having the desired small dimensions can at 
present also be made of ceramic components. Cf H.P. Hsieh, 
"Inorganic Membrane Reactors - A review", AIChE - Syrrrp 

20 Series) . Present-day inorganic membranes are therefore made of 
oxides, such as, for example, aluminium oxide. To a coarsely- 
porous aluminium oxide sheet at least several millimeters 
thick, a thin layer of the desired narrow pores is applied. It 
is of great importance that the pore diameter distribution in 

25 the thin layer should be as narrow as possible. The finely- 
porous layer must connect faultlessly with the coarsely-porous 
layer throughout its entire surface. One single crack will 
adversely affect the separation efficiency to a marked degree. 
In order that a thin finely-porous layer may be uniformly 

30 applied to a coarsely-porous substrate, the coarsely- porous 

carrier must have a very smooth surface. It must not have any 
defects, such as scratches and small irregularities, as these 
lead to leakage in the thin, narrow-porous ceramic layer. 
However, such layers are difficult to make. The production of 

35 coarsely- porous ceramic sheets with a fairly smooth surface 
without cracks or holes turns out to be a difficult problem 
according to the present state of the art. In particular the 
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combination of a coarsely-porous substrate, which owing to its 
large pores has a low flow resistance to liquids, and a very 
finely-porous top layer is difficult to realize. Generally 
speaking, therefore, a thin intermediate layer is used which 
has an intermediate porosity. 

Thermal stresses are generally a major problem in 
inorganic membranes. The coefficients of expansion of 
different layers must not, therefore, differ too much from 
each other, because otherwise a change in temperature of the 
membrane may cause the top layer to scale off the substrate. 
It has been proposed to make the finely-porous layer very 
thin, it would then better be able to take thermal stresses 
However, a thin layer is difficult to apply as a continuous 
layer without defects to a coarsely- porous substrate. 

These membranes must be mounted between the retentate 
and permeate volumes in a fluid-tight manner. To provide a 
proper seal, the inorganic membranes must generally be clamped 
between sealing surfaces. When the membranes are so mounted at 
room temperature, and the equipment is then brought to the 
temperature at which the separation is to be carried out, this 
will often cause the inorganic membrane to burst. -The ceramic 
material is unable to take up the forces resulting from a 
difference in coefficients of expansion of the various 
components. 

It is an object of the present invention to provide a 
membrane which is easy to make, is mechanically strong 
chemically stable, can be used at higher temperatures ,' and has 
a well-controllable pore size and pore diameter distribution. 

According to the present invention, this object is 
realized by filling pores of a coarsely- porous membrane 
incompletely with a finely-porous material. Preferably, the 
length through which the pores are filled with finely-porous 
material is no more than 50 micron, more preferably no more 
than 10 micron, while best results are obtained when the pores 
are filled with finely-porous material through a length of 
less than 1 micron. As the finely-porous material is applied 
in the pores of a coarser- porous material damage to the often 
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quite vulnerable surface of the coarsely -porous layer is much 
less detrimental. 

It is also possible to start from an asymmetric body- 
having membrane porperties and built up from a coarsely-porous 
5 layer with a thin top layer thereon having narrower pores. One 
example of such an embodiment is a body having membrane 
properties and consisting of a layer of, for example, several 
millimeters thick and having pores of 30 micron and a top 
layer 5 micron thick and having pores of 1 micron or less. 

10 According to the present invention, the finely- porous layer is 
applied in the pores of said thin top layer through a length 
of less than 5 micron. 

Surprisingly, it has turned out to be possible to 
effect local sol-gel conversions in pores, by means of which 

15 the pores of a coarsely-porous membrane can be filled through 
a small distance in a highly controlled manner. 

The sol -gel process" is known to be very suitable for 
the manufacture of glassy or ceramic products having a 
desired, highly pure and homogeneous composition. A gel is 

20 formed by polymerization of alkoxides or by the gelation of a 
hydrosol. In the latter method, a sol, i.e. a more or less 
stable dispersion of colloidal particles in an aqueous medium, 
is converted into a gel when the system is destabilized, for 
example, by temperature variations. The polymerization is 

25 mainly based upon the condensation of M-OH groups (where M 
represents the metal ion) . The product of this reaction is a 
hydrogel. The polymerization of a metal alkoxide, M(0R) 4 
(where M is a metal ion and R an alkyl group) is possible 
because hydrolysis and the condensation reactions occur in the 

30 solution when a small quantity of water is added to the 

organic solution. These reactions can be catalyzed by an acid 
or by a base. The method of preparation followed determines 
the structure and morphology of the alcogel formed. 

In the method described above, we preferably use alkoxy 

35 compounds of the desired metal ions, such as TEOS (tetraethyl 
orthosilicate) , butyl aluminate (aluminium secondary 
butoxide) , "tetraethyl orthot it ana t e or tetrapropyl zirconate. 
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When these partially hydrolyzed compounds are allowed to flow 
over a layer of trichloroethane. alcohol dissolves in the 
organic liquid layer. As a result the alcohol -water layer 
containing the metal ions is gelled. 

A membrane according to this invention is made by 
applying an accurately metered quantity of a colloidal 
solution or of a suspension of somewhat larger solid particles 
to a substrate of a liquid that is immiscible or poorly 
miscible with, water and/or alcohol and has a higher density 
than water and a relatively high surface tension. The 
immiscible or poorly miscible liquid has a known geometrical 
surface. This surface is given by the vessel containing the 
liquid. The thickness of the layer of the colloidal solution 
or suspension can be well -controlled by accurately metering 
the volume. The colloidal solution or suspension has a 
strictly uniform thickness, as it flows out over the 
necessarily smooth surface of the immiscible or poorly 
miscible liquid, in order that the thickness of the aqueous 
layer may be accurately controlled, it is of importance that 
the walls of the vessel containing a water- immiscible or 
poorly water-miscible liquid with the colloidal solution or 
suspension thereon are hydrophobic. When the aqueous colloidal 
solutxon or suspension wets the wall of the vessel much better 
than does the water- immiscible or poorly water-miscible 
liquid, a portion of the aqueous layer penetrates between the 
wall and the water- immiscible or poorly water-miscible liquid 
The thickness of the aqueous layer can then no longer be set 
with the required precision. 

The water- immiscible or poorly water-miscible liquid is 
present in a vessel disposed so as to be free from vibrations 
and in which, supported at a few places only, a coarsely- 
porous layer of the desired thickness has been provided. This 
layer is accurately placed in a horizontal plane by means of a 
spirit level and a few levelling screws. The height of the 
35 water- immiscible or poorly water-miscible liquid can be 

adjusted at will with a supply tube provided in the bottom 
part of the vessel. 
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Surprisingly it has been found that the height of the 
level of the liquid surface in the pores of the coarsely- 
porous layer can be properly determined with an incident -light 
microscope. 

5 According to one embodiment of the method according to 

the invention, the colloidal solution or suspension is poured 
over the water- immiscible or poorly water -miscible liquid. The 
coarsely-porous carrier is then still above the liquid. 
Subsequently, the level of the liquid is adjusted to the 

10 desired height, whereafter the colloidal solution or 

suspension is allowed to gel. This can be effected in known 
manner. For example, the aqueous layer can be brought with 
infrared radiation to such a higher temperature that a 
hydrolysis process is going to proceed, which via 

15 polymerization leads to gelation. One example is the 

hydrolysis of urea or a cyanate. It is also possible, starting 
from an alcoholate of the ultimately desired metal ion, to 
contact the liquid surface with a volatile acid or a volatile 
base, whereby gelation can be initiated. This process can also 

20 be used in applying a mixture of different metal oxides or a 
mixed oxide. 

A different preferred embodiment of the method 
according to this invention relates to the addition of the 
liquid containing the partially hydrolyzed compounds of the 

25 metal ions to be applied. According to this embodiment, the 
water- immiscible or poorly water-miscible liquid is caused to 
rise in the membrane until the surface is just reached. In 
that case the liquid containing the metal ions to be gelled is 
not yet present on the layer of the water- immiscible or poorly 

30 water-miscible liquid. Subsequently, the liquid to be gelled 
is allowed to flow over the membrane in the quantity needed 
for the required thickness of the layer. It has surprisingly 
been found that the water and alcohol containing liquid wets 
oxidic and metallic porous layers much better than do organic 

35 liquids. The subjacent liquid that is immiscible or poorly 
miscible with water and/or alcohol, generally an organic 
liquid, is displaced by the alcohol and water mixture. 
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According to yet another embodiment of the method 
according to this invention, the level of liquid is above the 
coarsely-porous layer in the initial condition. Through an 
opening provided in the bottom part of the vessel, such an 
5 amount of liquid is now carefully allowed to drain off that 
the level of the liquid surface decreases to the desired 
height in the coarsely- porous membrane. This embodiment is 
preferably used in applying a less porous layer, later to be 
filled (partially) with finely-porous material, on a coarsely- 
10 porous substrate. In that case, an aqueous suspension of the 
coarser particles or a suitable colloidal solution is applied 
to the surface of the coarsely-porous substrate by adjusting 
the surface level of the liquid on the surface of the 
coarsely-porous layer, when, the liquid surface has been 
15 adjusted to the desired level, gelation is caused to proceed 
in any of the above manners. The application of a thin porous 
layer on a coarsely-porous substrate, and the adjustment of 
the pore diameter distribution by a thermal or hydrothermal 
treatment to be carried out after the removal from the liquid 
and drying also forms part of the present invention. 

In the method according to this invention, the thin 
porous layer may be applied in two or more stages within the 
pores of the coarsely-porous carrier. In the first stage, a 
thin layer with relatively wide pores is applied. In a 
subsequent stage, the required quantity of the material to be 
deposited is caused to be sucked through the pores of the thin 
layer, which naturally are narrower than the pores of the 
coarsely- porous layer. 

in a particularly preferred embodiment of the method 
according to the present invention, first a thin layer of a 
suitable compound with relatively wide pores is applied in 
accordance with this invention. This compound has been so 
selected that material precipitating during a subsequent 
deposition-precipitation process is only deposited on the 
35 compound initially applied. This procedure is used frequently 
and with great success for the preparation of catalysts in 
which the catalytically active component is applied to a 
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thermostable carrier. By carrying out the precipitation from a 
homogeneous solution, it is achieved that nucleation of the 
precipitate cannot occur within the solution proper, but only 
on the surface of a suspended carrier material. In this way a 
catalytically active membrane can be made. The same technique 
can be used with advantage to accurately control the 
dimensions of the pores of a thin layer applied within a 
coarsely- porous matrix. 

According to. an alternative embodiment of the method 
according to this invention, first a liquid with a suitable 
melting point. is introduced into the pores of the coarsely- 
porous layer, which is subsequently allowed to solidify. It is 
also possible to use a gelatin solution, which is caused to 
rise to a certain height within the coarsely-porous layer at a 
high temperature , whereafter the system is allowed to cool. 
When, in this way, the pores have become filled for the 
desired length, a thin layer with a precisely metered volume 
of a colloidal solution or a suitable suspension is caused to 
flow over the layer. Depending on the pore diameter of the 
coarsely-porous layer, it may be necessary, in order that the 
colloidal solution. or the -suspension may flow out, that the 
system is subjected to a somewhat reduced pressure to prevent 
the occlusion of gas in the pores. After the gelation of the 
colloidal solution or the suspension, the solidified liquid is 
removed by re-melting. A gelatin layer is removed by oxidation 
in the air. 

The use of a membrane in the f orm of a cilindrical tube 
(possibly closed at one end) , is very attractive for a number 
of uses. In order to apply a layer within a finely-porous tube 
one will preferably use the last -mentioned method according to 
the invention. In that case, the coarsely -porous tube is 
mounted and accurately centered in a closed cilinder, and the 
cilinder with the coarsely- porous tube is rotated. 
Subsequently, such a volume of a melt or a gelatin containing 
liquid is supplied that the porous tube is filled through the 
desired distance from the outside inwardly. The volume added 
determines the height to which the pores are filled. After 
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solidification of the liquid or hardening of the gelatin 
containing liquid, the desired quantity of a colloidal 
solution or a suspension is caused to flow over the (internal) 
surface of the rotating porous tube, and subsequently allowed ' 
5 to gel. 

in a particular embodiment of the method according to 
the invention, use is made of a coarsely- porous membrane to 
which a thin layer with much narrower pores has been applied. 
Such asymmetric membranes are commercially available, both of 

10 metal and of ceramic material. Surprisingly it has been found 
that a water and alcohol containing liquid mixture containing 
fully or partially hydrolyzed metal compounds can be 
selectively applied in the narrow-porous part of the membrane. 
The concentration of the gelable metal compounds is so 

15 adjusted that after gelling and drying a layer has been 
applied within the fine pores over the desired length. 

This last method according to the present invention is 
particularly suitable for applying extremely fine porous 
material within porous tubes over small distances. This kind 

20 of tubes is extremely suitable for constructing modules for 
the separation of particles from relatively large liquid 
streams. 

Suitable coarsely-porous layers are ceramic layers or 
tubes. Aluminium oxide or zirconium dioxide are suitable for' 

25 making such coarsely- porous layers or tubes. Many porous 

materials are commercially available in a desired shape, in 
addition to oxidic materials, bodies of porous carbon are 
commercially available. 

Preferred starting products in the method according to 

30 the invention, however, are sintered metallic bodies. In 
addition to a high mechanical strength, such porous bodies 
exhibit a good chemical and thermal stability. Membranes made * 
in accordance with this invention, on the basis of metallic 
carrier materials are excellently able to absorb thermal * 

35 stresses. Also, such membranes are very suitable for 

incorporation in modules. Finally, it is excellently possible 
to apply a very thin layer of a suitable metal (hydr) oxide or 
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hydrated oxide within a metallic membrane. Thereafter the pore 
size can be accurately adjusted by carrying out deposition- 
precipitation. Generally speaking, metal (hydr) oxides or 
hydrated metal oxides do not precipitate on metallic surfaces. 
5 The pore size distribution can be determined by thermo- 
porometry without removing the aqueous solution from the 
membrane. In this way, the course of the pore diameter 
distribution can be monitored during the precipitation 
process. 

10 I n addition to the separation of particles from gases 

and liquids and for the separation of the components from gas 
mixtures, the membranes according to the present invention are 
very suitable for use in pervaporation and vapour permeation 
processes. This applies in particular to membranes based on 
15 sintered metals. A pervaporation process using a membrane 
consisting of a very thin ceramic layer applied within a 
sintered metallic layer is accordingly part of the present 
invention. A major problem in pervaporation processes is the 
supply of the heat of evaporation to the liquid containing the 
20 components to be separated The high heat conductivity of 
metallic membranes makes it possible for the heat of 
evaporation to be directly supplied to the membrane by thermal 
conduction. Preferably, this is effected by connecting the 
metallic membrane thermally with a combustion catalyst, in 
25 which the catalytically active component is also applied to a 
sintered metal. Copper oxide lends itself excellently to being 
used as a combustion catalyst. In vapour permeation processes, 
too, the easy supply of thermal energy to metallic membranes 
is of great importance. 

The invention is illustrated in and by the following 
exanples. 

Example l« 

Approximately 15 g of tetraethyl orthosilicate (TEOS) 
were dissolved in 13.2 g absolute ethanol, and to this 10.4 g 
0.25M HCL were added with stirring. The solution contained in 
molar quantities 



9112879A1J_> 



WO 91/12879 



16 



PCT/NL9 1/00029 



10 



15 



TEOS: water: alcohol: catalyst=i: 8:4: 0.03. 
In order to accelerate the hydrolysis and polymerization- 
condensation, the solution was maintained at a temperature of 
40°C for about 30 minutes. After cooling, 40 ul of this sol 
was applied to a coarsely-porous carrier having pores of about 
1.5 fim, which were filled with tricholoroethane . The thickness 
of the coarsely-porous layer was 3 mm. Owing to the low 
surface tension of the sol, it flowed fully over the carrier 
surface (about Serf). The sol displaced the organic liquid 
and subsequently gelled. Through shrinkage in thickness, an 
inorganic membrane was obtained with a coating about 30 urn 
thick. 

By reason of the small volume of the membrane coating, 
the average pore diameter could not be accurately determined' 
by condensation of nitrogen. For that reason, we determined 
the average pore diameter of a larger quantity of gel not 
applied within a coarsely-porous material. 

After a heat treatment at 600°c, the pore diameter of 
the gel not applied within a coarsely-porous material turned 
20 out to be less than 18 A. 

In the same way as described in Example l, a similar 
membrane was made, but now with larger pores, starting from a 
gelling mixture obtained by mixing TEOS, ethanol and an 
25 aqueous solution of NH 4 OH in a ratio of 1:2:4:0.01. 
£xaiQE2l£_2.. 

An aluminium oxide membrane was made, starting from 
aluminium isopropoxide (Al(OC 3 H 7 )3) or aluminium secondary 
butoxide, (A1(0C 4 H 9 ) 3 ) . a boehmite sol was formed by rapidly 

30 adding 2M alkoxide in 2-butanol to an excess of water having a 
temperature of 80 to 85°C with vigorous stirring 
(alkoxide : water = i : 100) . After about 30 minutes, 0.07 
mole of hno 3 was added to peptise the precipitate and 
stabilize the resulting suspension. To remove the larger part 

35 of the butanol, the reaction vessel was opened at this 

temperature for a few hours. When there was practically no 
butanol left, the sol was refluxed overnight at a temperature 
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of 90 to 100°C. The resulting sol was found to be excellently 
suitable for making membrane's according to this invention, 
using any of the various methods of impregnation as described 
hereinbefore. 
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CLAIMS 



1. An inorganic membrane characterized by a mechanical 
coarsely-porous body having pores filed with a finely-porous 
or extremely finely-porous material over a length shorter than 
the thickness of said porous body. 

2. An inorganic membrane as claimed in claim 1, 
characterized in that the pores of the body are filled with 
finely-porous material over a length of no more than 50 micro- 
meters, preferably no more than 10 micrometers, and more 
preferably no more than 1 micrometer. 

3. An inorganic membrane as claimed in claims l and 2, 
characterized in that the coarsely-porous body contains pores 
having a diameter of 100 micrometers to 50 nanometers. 

4. An inorganic membrane as claimed in claim 1, 
characterized by comprising a coarsely- porous substrate having 
a thin, less porous coating thereon with substantially uniform 
pores of 10 micrometers to 5 nanometers/ the pores of said 
coating being filled with extremely finely-porous material 
over a limited length. 

5. An inorganic membrane as claimed in claims l, 2 and 3, 
characterized in that the coarsely-porous body consists of 
sintered metal. 

6. An inorganic membrane as claimed in claims l, 2 and 3, 
characterized in that said coarsely-porous body consists of cui 
oxide, such as aluminium oxide, silicon oxide, zirconium 
dioxide or titanium dioxide, or of carbon. 

7 . a method of making an inorganic membrane as claimed in 
any of claims 1-6, characterized in that a finely-porous layer 
is applied within a coarsely-porous layer by applying an 
accurately metered quantity of gelable liquid present on a 
liquid that is immiscible or poorly miscible with water and/or 
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alcohol within said coarsely-porous layer, and subsequently 
completing the gelling process. 

8 . A method as claimed in claim 7 , characterized in that 
the gelable liquid contains a (precursor of a) catalytically 

5 active compound. 

9. A method as claimed in claim 7-8, characterized in that 
on one side of the coarsely- porous layer first a thin layer of 
a compound having relatively wide pores is applied, which 
compound has been selected so that during a subsequent 

10 deposition-precipitation of an insoluble compound from a 
homogeneous solution , the insoluble compound is only 
precipitated on the material initially applied. 

10. A method as claimed in claim 7-8, characterized in that 
the gelable q uan tity of liquid is applied by causing the 

15 liquid which is poorly miscible with water or alcohol to rise 
within the coarsely- porous layer. 

11. A method as claimed in claim 7-8, characterized in that 
the gelable quantity of liquid is applied by displacing, to a 
limited degree, a liquid that is poorly miscible with water or 

20 alcohol, which liquid just fills the pores of the coarsely- 
porous layer. 

12. A method as claimed in claim 7-8, characterized in that 
the gelable quantity of liquid is applied by causing it to 
flow over the upper surface of a coarsely-porous layer, the 

25 pores of which are incompletely filled with a liquid that is 
poorly miscible with water or alcohol. 

13 . A method as claimed in claim 7 - 8 , characterized in that 
the gelable quantity of liquid is applied by causing the level 
of a liquid that is poorly miscible with water or alcohol, and 

30 upon which a gelable liquid has been superimposed in the 

desired layer thickness, to lower to the desired position in a 
coarsely-porous layer. 

14. A method as claimed in claim 7-8, characterized by 
starting from a body having pores which over a limited length 

35 have a diameter less than the diameter in the major part of 
the membrane. 
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15. A method as claimed in claim 14, characterized in that 
a gelable liquid is caused to be selectively absorbed within 
the part of the pores having the smaller diameter, and 
subsequently allowed to gel in otherwise known manner. 

16. A method as claimed in claim 14, characterized in that 
a suitable material is caused to precipitate within the part 
of the pores having the smaller diameter until the desired 
pore diameter is reached. 
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